The optical response of nanomaterials has attracted much attention in the past decades owing to exquisite tuning opportunities afforded by size, shape, and composition manipulation. Nanoparticles (NPs) of some metals, traditionally Ag and Au, exhibit an intrinsically nanoscale phenomenon called localized surface plasmon resonance (LSPR). This strong light--matter interaction results from the coupling of the oscillating electric field of light with the cloud of delocalized conduction electrons inside an NP smaller than the wavelength of light. LSPRs are of interest because they localize electric fields, enabling surface-enhanced spectroscopies and local refractive index sensing, for instance.^[@ref1]−[@ref3]^ Recent results demonstrate that this resonance phenomenon can also be utilized as an antenna to capture light and subsequently transfer its energy in the form of "hot" (nonthermally equilibrated) charge carriers or heat, to drive chemical and physical processes.^[@ref4]−[@ref8]^

The LSPR frequency and bandwidth tuning required to optimize an NP's performance for a given application is achieved mainly through choice of shape, size, and composition.^[@ref9]−[@ref11]^ Shape is a powerful tool, as it further allows control of the locally enhanced electric field through the creation of multiple resonance modes that have different energies and enhancement distributions. For instance, a cylindrical rod can sustain multiple longitudinal modes with an increasing number of nodes (like modes of a string) as well as a transverse mode.^[@ref12]−[@ref15]^ Another example is the field distribution around a cube, where corners, edges, and faces experience enhancement at different energies.^[@ref16]^

Because shape contributes so much to the properties of plasmonic materials, it has been and remains a central theme of nanoscience research. The final shape of an NP is dictated by its nuclei symmetry and the facets predominantly expressed. The former includes the twinning pattern of the NP, dictated by the twin energies specific to the crystal structure. Within each twinning pattern, the latter, *i*.*e*., the relative surface energy or growth velocity of different crystallographic facets, then determines the final shape according to the Wulff construction.^[@ref17]−[@ref20]^

Well-known examples of the use of twinning and Wulff construction are found for NPs of face-centered cubic (FCC) materials (Ag, Au, Cu, Al).^[@ref21],[@ref22]^ These have low (111) twin energy and can exist as singly twinned (bipyramids),^[@ref23]^ 5-fold twinned (pentagonal structures),^[@ref24],[@ref25]^ or 20-fold twins (icosahedra).^[@ref24]^ Further, the close-packed FCC (111) facets are the most thermodynamically stable followed by the (100), leading to shapes close to cuboctahedra and pentagonal bipyramids for single crystals and 5-fold twins, respectively. Relative surface energies can be manipulated by the growth environment, by, for example, adding surfactants^[@ref26]−[@ref28]^ or coordinating atoms^[@ref29],[@ref30]^ to achieve a plethora of shapes including cubes, stars, and hexagonal and triangular platelets, to name a few. Kinetic effects during growth of twinned structures, which favor atomic deposition in concave and/or defective sites, further control the final NP shape, explaining for instance why sharp decahedra are overwhelmingly observed instead of the re-entrant surfaces expected for the thermodynamically predicted Marks decahedra.^[@ref19],[@ref31],[@ref32]^

A systematic understanding of NP shape for structures other than the dominant FCC materials is scarce in the nanotechnology community.^[@ref33],[@ref34]^ Meanwhile, there is increased research and interest in alternative metals for nanoscale phenomena including plasmonics and catalysis, and not all the newcomers crystallize in FCC. Hexagonal close packed (HCP) Mg, for instance, has attracted much interest as a plasmonic metal because of its low losses across the ultraviolet, visible, and near-infrared^[@ref35]−[@ref38]^ electromagnetic ranges and its abundance in earth's crust. Its optical properties were first described from studies of fabricated structures such as helices and nanodisks; recently the plasmonic activity of colloidally synthesized Mg NPs and decorated Mg NPs was reported.^[@ref35],[@ref39]^ In parallel, the number of reported syntheses of metallic Mg NPs, focused on hydrogen or energy storage applications, has bloomed in the past decade.^[@ref40]−[@ref46]^

A commonly observed Mg NP shape is a single-crystal hexagonal plate predominantly displaying the close-packed, hence stable, (0001) facets. Yet a number of other shapes are apparent in reaction mixtures and early work on evaporation-grown submicron particles.^[@ref44],[@ref47],[@ref48]^ This has been attributed, in some works, to twinning, which can occur along multiple planes in HCP crystals,^[@ref49],[@ref50]^ leading to a potentially large number of low-energy shapes.

In this work, we present a comprehensive study of different Mg NP shapes, from crystallographic prediction to experimental synthesis and optical behavior. First, the Wulff construction model shows folded shapes based on single-crystal and twinned HCP Mg. We describe the relative distribution of these structures from hundreds of NPs in a colloidal mixture, obtained from the reduction of an organometallic Mg precursor. Second, we have characterized the exact shape of these NPs *via* complementary electron microscopy and tomographic approaches, leading to a comprehensive understanding of their structures showing a thorough match with the predicted shapes. The NPs were confirmed to be metallic Mg covered by a thin oxide layer, as previously reported.^[@ref35],[@ref39]^ Third, a numerical survey of the optical response of the various structures, as well as the effect of size and aspect ratio, revealed their rich array of resonances, which are supported by experimental single-particle scattering results. Finally, numerical and experimental studies of the near-field plasmon distribution *via* electron-energy loss spectroscopy unraveled a mode nature and distribution that are unlike those of either hexagonal plates or cylindrical rods. These four main results, namely, shape prediction, shape characterization, far-field scattering properties, and near-field light localization, are presented in this order. These NPs, made from earth-abundant Mg, provide interesting ways to control light at the nanoscale across the ultraviolet, visible, and near-infrared spectral ranges.

Results/Discussion {#sec2}
==================

Shapes of Twinned Mg Nanoparticles {#sec2.1}
----------------------------------

Mg, unlike the other common plasmonic metals Au, Ag, Al, and Cu, crystallizes in an HCP structure and has several low-energy twin planes, enabling shapes in striking contrast with those regularly observed in the FCC metals. Here, these shapes are studied numerically by adapting the Wulff construction to HCP, then experimentally verified *via* complementary characterization techniques deployed on products obtained from an air-free solution synthesis.

Shape Prediction with the Wulff Construction {#sec2.2}
--------------------------------------------

The unit cell of Mg is hexagonal with *a* = 3.19 Å and *c* = 5.18 Å, giving a *c*/*a* ratio of 1.62, near that of perfect HCP packing of hard spheres (1.63). This atomic arrangement yields close-packed (0001) facets, which are lowest in surface energy as well as densely packed (101̅0) and (101̅1) also of low energy, as confirmed by numerical calculations.^[@ref51]^ Further, HCP allows twinning along the (101̅*x*), *x* = 1, 2, 3, and (112̅*y*), *y* = 1, 2, 3, 4 planes,^[@ref49]^ some of which (*x* = 1, 2, 3 and *y* = 1) are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a.

![Shapes of Mg crystals. (a) Unit cell arrangement in HCP crystals and representation of the multiple low-energy twinning planes. (b) Predicted Wulff shapes for single-crystalline and (c--f) singly twinned structures with predominant (0001) facets; the twin planes are noted above the structure, and parameters used in the calculations are reported in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf). SEM images of the experimentally obtained shapes are placed below the models; additional images reported in [Figures S2--S6](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf).](nn0c01427_0001){#fig1}

The relative surface energy and orientation of a twinning plane dictates the shape of crystals, as explained by the Wulff construction and its adaptation to twinned structures.^[@ref18],[@ref19]^ Wulff models are well established for cubic materials because of the structure's simplicity and importance in nanotechnology;^[@ref18],[@ref20],[@ref52],[@ref53]^ HCP structures have not received the same level of attention, and shape modeling tools encoding the crystallography and twinning of HCP are not straightforwardly available. To predict shapes achievable in Mg, we first adapted the Wulff construction approach we published earlier^[@ref19],[@ref20]^ to the hexagonal system by coding appropriate axis and plane directions, then added the possibility of twinning along each of the low-energy twin planes shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. We then performed numerical predictions of the shape of crystals by varying the relative surface energies and kinetic growth enhancement in the presence of a twin plane.^[@ref19]^

A simple shape for HCP is a hexagonal platelet; this occurs in the case of single crystals and has often been observed.^[@ref35],[@ref47],[@ref54]^ From this shape one can visualize the constituents of a twinned structure: twins effectively "cut" the single crystal shape and create a symmetry plane.^[@ref18]^ The twins (101̅1), (101̅2), (101̅3), and (112̅1) are at an angle of 61.9°, 43.2°, 32.0°, and 72.9°, respectively, from the basal (0001) plane ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Singly twinned particle shapes are created through joining these constituting segments at the appropriate crystallographic angle, as described by Marks for FCC structures.^[@ref18]^

Shapes obtained by varying the twinning pattern, while considering the expected kinetic growth enhancement due to the presence of strain and defects around the twin plane, are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. These are noticeably different from shapes commonly observed in other plasmonic materials. The particle obtained with the (101̅1) twin plane has two segments with three (101̅0) facets and two (0001) facets (in addition to the twin plane) that come together at a 123.8° angle, leading to a V-shaped configuration one might recognize, in Europe, as a Canadian tent and elsewhere as a tent. Similarly, the geometry resulting from a (101̅2)-twin plane is also that of two six-facet segments with predominant (0001); these come together at an angle of 86.4°, resembling a straight chair similar to a foldable patio chair. A much sharper angle is obtained from the (101̅3) twinned structure and shows a shrinking of the length of the (101̅0) closest to the twin plane; this structure can be described as, keeping with the picnic theme, a taco. Lastly, the angle associated with the (112̅1) twin plane creates segments that have, in addition to the twin plane, two (0001) and only two (101̅0) facets; they join at an angle of 145.8° and form a folded kite structure.

Some of these structures have been reported by Ohno and Yamauchi,^[@ref47]^ who, in 1981, described nano- to microstructures of Mg created by evaporation in a noble gas environment (He, Ne, Ar, or Xe). They directly described the kite structure with its facets and angles, and several of the particles they reported but did not discuss could be interpreted in light of our calculation as tents. Further, Ohno and Yamauchi describe mainly convex NPs and specify not finding any (101̅2)-twinned structures. Further, the shapes reported here are exciting because of their anisotropy (aspect ratio, AR \> 1) which results in structures unlike those of single crystals or 5-fold twinned FCC crystals.

Rods (AR \> 2.2) are observed in the Wulff model by enhancing growth in the concave cusp of the re-entrant edges (\<90°) of the (101̅2) twinned chair, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf). This is analogous to the filled (101̅1)-twinned (filled tent) and filled (101̅3)-twinned (filled taco, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)) structures described by Ohno and Yamauchi, which can be extended in length by allowing twin kinetic enhancement. Experimentally differentiating between these structures can be difficult in a 2D projection such as a high angle annular dark field scanning transmission electron microscope (HAADF-STEM) image; however, 3D tomographic reconstruction (*vide infra*) confirms the existence of the filled chair. Several rods seem devoid of a twin plane, as concluded from the lack of contrast change from one segment to another in TEM (due to diffraction contrast) and lack of prominent ridge from the pseudo-3D imaging with secondary electrons (SE) in a scanning electron microscope (SEM). They appear to be truncated hexagonal plates, a shape also present (but not discussed) in the pictures reported by Ohno and Yamauchi.

Experimental Shapes {#sec2.3}
-------------------

To understand the range of shapes expressed experimentally, we synthesized Mg NPs in solution, surmounting the difficulties associated with the symmetry-breaking presence of a substrate during growth. We achieved ∼100--400 nm long colloidal NPs by reducing dibutyl-*n*-magnesium by lithium naphthalenide in dry tetrahydrofuran. A wide range of shapes are observed; all predominantly express the close packed (0001) facets but have different shapes owing to the presence of differently oriented twin planes. Further to their different shapes, when deposited on a flat substrate, most of the NPs can adopt one of two conformations. First, the NP can lay with the folding bisector perpendicular to the substrate, as in the top NP of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a; this will be called Λ and is the highest symmetry arrangement. The other configuration is with one of the (0001) faces lying flat on the substrate, as is shown for all of the NPs in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}; we will call this the ≥ configuration. These configurations can be readily distinguished by the contrast in SEM and STEM or by the intensity of the Mg Kα in an energy dispersive X-ray spectroscopy (EDS) linescan or map, all linked to their different thickness profile. Indeed, Λ is symmetrical and ≥ is not ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)). For hexagonal plates without folds these configurations are, of course, the same.

![Distribution of NP shapes in colloidal Mg NPs. (a) Representative SEM image; additional images in [Figures S3--S6](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf). (b) Shape distribution from *N* = 320 NPs, grouped by aspect ratio, then by shape. Plates (AR ≈ 1) include hexagons and truncated hexagons; folded structures (AR \< 2.2) include kites (white), tacos (blue), chairs (green), and tents (black); rods (AR \> 2.2) include filled chairs (black) and truncated plates (red).](nn0c01427_0005){#fig2}

The reaction mixture distribution, obtained by measuring 320 NPs spanning various sizes, shapes, and configurations, is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, with additional large-field SEM images in [Figures S3--S5](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf). To quantify the size of the NPs, we define aspect ratio (AR) as the length over the projected width in the Λ configuration, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c (the AR of NPs in the ≥ configuration is calculated accordingly). The structures observed naturally fall into three ranges of aspect ratio: the plates (AR ≈ 1) include thin hexagons and truncated triangles; the folded structures (1.2 \< AR \< 2.2) comprise the tents, chairs, tacos, and kites; the rods contain the elongated and filled structures with AR \> 2.2. The single-crystal hexagonal plates account for 25% and the truncated triangles, 20% (total for plates, 45%). About a third (32%) of the NPs are folded structures, with 20% tents, 6% chairs, 4% tacos, and 2% kites. This population distribution matches well the relative energy of the twin planes, with the (101̅1) twin plane being the lowest energy; hence tent NPs are most prevalent.^[@ref55],[@ref56]^ No (112̅*y*), *y* \> 1, were unequivocally identified in the experimental mixture. Lastly, 23% of the structures were found to have an AR greater than 2.2; these are the filled chairs and truncated hexagons, with 16% and 7%, respectively. However, distinguishing the two types of elongated structures based on a 2D projection is difficult, leading to a significant uncertainty in this distribution.

The shape of the NPs obtained experimentally match very well the predictions of the Wulff model, as supported by results from multiple complementary techniques including SEM ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [S3--S5](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)), SEM at multiple tilt angles ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)), TEM ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)), STEM-HAADF ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, [11](#fig11){ref-type="fig"}, and [S2 and S18](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)), and STEM-EDS linescans and maps ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)). To further support this match, 3D reconstructions of the shapes of multiple NPs were obtained using STEM-HAADF tomography ([Figures S7 and S8](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)). The short NP depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} is folded with an angle of 123.9° and an aspect ratio of 2.0, in excellent agreement with the predicted tent shape, *i*.*e*., (101̅1) twinning with a folding angle of 123.8° ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)). A large aspect ratio NP (AR = 4.5) was also reconstructed ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)) and displays a convex, near-rectangular cross-section consistent with the filled chair shape ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)).

![Shape and crystallography of a Mg tent ((101̅1) twin, AR = 2.0), sitting in the ≥ configuration on the substrate. STEM-HAADF and experimental (top) and simulated (bottom) electron diffraction patterns at (a) 0° tilt angle and (b) 28° tilt angle.](nn0c01427_0006){#fig3}

![Elemental composition maps of Mg NPs. Intensity maps of STEM-HAADF, Mg Kα, and O Kα STEM-EDS for a (a) single crystal hexagon, (b) tent, (c) chair, and (d) kite. The oxide layer appears to be 5--8 nm thick; scale bars, 100 nm. Additional maps are reported in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf).](nn0c01427_0007){#fig4}

![Effect of length (*L*) and aspect ratio (AR) on the optical scattering of Mg tent NPs. Calculated optical scattering for (a) varying lengths with fixed AR = 1.6 and (b) varying aspect ratios with fixed *L* = 220 nm. The *x* polarization (longitudinal) is shown in solid lines and *y* (transverse), in dashed lines. The NPs are bare Mg under vacuum; the incident field is along the NP bisector (*z* axis). Averaged spectra are reported in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf).](nn0c01427_0008){#fig5}

![Effect of shape on the optical scattering of equal total volume Mg NPs coated with a ∼4.5 nm MgO layer under vacuum. Calculated optical scattering intensities for different Mg shapes with longitudinal (solid lines) and transverse (dashed lines) polarizations, for a (a) kite, (b) taco, (c) chair, (d) tent, and (e) hexagonal plate. The length (*L*) varies as indicated and is the same for (b)--(d); the incident field is tilted 31° from the substrate, as shown in [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf). Additional calculated spectra are reported in [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf).](nn0c01427_0009){#fig6}

![Experimental optical scattering intensities for Mg NPs of various shapes. From top to bottom a (a) kite, (b) taco, (c) chair, and (d) tent in the ≥ configuration. Length (*L*) and width (*W*) vary as indicated.](nn0c01427_0010){#fig7}

![Comparison of numerical and experimental results on optical far-field scattering properties of tent Mg NPs. Effect of NP length on the longitudinal plasmon energy: tents in Λ configuration are shown in filled circles, those in ≥ , empty circles. The range of experimental AR is 1.23--2.07; fit lines to calculated longitudinal dipole energies for NPs with AR 1.3 to 2.2 are shown in blue and green, respectively.](nn0c01427_0011){#fig8}

![Numerical results from DDA and eDDA on the LSP modes of short (AR = 1.7, a, b) and long (AR = 2.2, c, d) tent Mg NPs in the Λ configuration on a Si~3~N~4~ substrate. Calculated extinction spectra from an optical excitation with polarization along the longitudinal and transverse directions are shown in solid and dashed black lines, respectively, in (a) and (c). Calculated EEL spectra on locations specified by the yellow dots are shown as solid color lines. Maps of the magnitude and sign of the resonant electric field along the surface normal (*E*~⊥~) at the energy indicated are shown in (b) and (d) in blue and red; these were obtained either with an electron beam excitation at the yellow dot position or optical excitation with incident direction and polarization indicated by single and double arrows, respectively. Maps of the EEL excitation probability are shown below the polarization maps in (b) and (d) together with the energy of the resonance; these are on the same scale within each NP.](nn0c01427_0012){#fig9}

![Local excitation of plasmon modes in a Mg NP by an electron beam. Numerical results (dashed) and experimental results (solid) at various positions for a 60 kV electron beam impinging upon a 258 × 152 nm (AR = 1.7) tent shape NP in the Λ configuration.](nn0c01427_0002){#fig10}

![Calculated and experimental excitation maps of tent Mg NPs of AR 1.7 (a) and 2.2 (b) in the Λ configuration with respect to the substrate. The short NP is 258 × 152 nm in both the experiment and calculations, while the long NP is 285 × 131 nm, again in both. For each, the top row shows a schematic of the numerical shape in dark green and the calculated excitation maps also shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. STEM-HAADF, bulk Mg plasmon map (10.6 eV), and experimental maps integrated across 0.05 eV centered at the labeled energy are shown in the bottom rows. The EELS intensity scale is the same for each mode of a given NP to allow direct comparison.](nn0c01427_0003){#fig11}

To elucidate the relative orientation of the segments in folded NPs, electron diffraction patterns were obtained in STEM mode with a small convergence angle in order to probe the local crystallography. Shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, these reveal that the two segments of the tent NP indeed have different orientations, confirming that the NP is not a single crystal. The segment with facets parallel to the substrate shows a pattern consistent with the beam propagating along the \[0001\] direction; that is, the facets exposed are (0001). The diffraction from the other segment, taken with the particle tilted 28° around the long axis of the NP, reveals that the perpendicular direction to the long edge side facet of the segment standing proud from the surface is \[101̅0\], confirming the (101̅1) nature of the twinning. Further results for a long rod are reported in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf).

The thickness of the NPs is more difficult to assess; tomography indicates, for the NP in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, a thickness of 51 nm. Further, several STEM/SEM images of NP aggregates allow viewing in different orientations; from those we estimate a thickness, including the oxide layer, of 36 ± 7 nm (measured on 26 tent NPs, [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)). The minimum and maximum thicknesses observed are 24 and 51 nm, respectively.

Regardless of shape, orientation, or thickness, these nanocrystals are formed of a core of metallic, plasmonic Mg covered by a spontaneously formed, protective magnesium oxide layer. We confirm the presence of this thin oxide with STEM-EDS maps ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)): Mg is present in the entire NP, while O is mainly at the edges with some intensity all over the NP because of the 2D projection of STEM imaging. The oxide thickness appears to be 5--10 nm, likely an upper bound owing to the delocalization of EDS. This is consistent with previously reported core-loss EELS maps showing an oxide thickness of 5--8 nm.^[@ref35]^ This oxide protects the NP from full oxidation, and the core Mg remains metallic, as confirmed by the presence of the bulk plasmon peak, which is characteristic of metallic Mg at 10.6 eV. This metallic core bestows these NPs plasmonic properties.

Numerical and Experimental Studies of Optical Properties {#sec2.4}
--------------------------------------------------------

Mg NPs of various shapes have a plethora of interesting plasmonic properties. We utilized an HCP and twinned variant of our previously developed graphical user interface to turn the Wulff shapes described above into an array of dipoles describing the NPs.^[@ref20]^ We then use those to numerically solve Maxwell's equations for a plane wave and an electron beam excitation. Coupled with experimental results from both optical and electron beam excitations, these reveal the presence of multiple size- and shape-dependent plasmon resonances across the ultraviolet, visible, and near-infrared spectral ranges.

Numerical Results: Far-Field Optical Scattering {#sec2.5}
-----------------------------------------------

Optical scattering simulations, performed in the discrete dipole approximation (DDA)^[@ref57]^ on dipole arrays obtained directly from our twinned HCP Wulff model reveal the effect of size and shape on the plasmonic response of Mg NPs. Here, scattering is displayed rather than extinction or absorption as it is measured experimentally; absorption and extinction data show equivalent trends and are available upon request. The optical scattering spectra ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [S10](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)) show a low-energy peak predominantly excited with the incoming polarization along the long axis of the NP; this can be assigned to a longitudinal dipole, as it is of lowest energy. Another salient feature of the spectra is the mode around 400--600 nm that is excited with a polarization transverse to the long axis; this mode can be described as a transverse dipole, similar to those of Au and Ag rods.^[@ref58],[@ref59]^ Both modes red-shift, as expected, when increasing the size of the NP. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, this can be seen as a shift of the longitudinal dipole from 547 nm to 788 nm and the transverse dipole from 405 nm to 547 nm as the length (*L*) of a tent with AR = 1.6 is increased from 180 nm to 300 nm. Increasing the aspect ratio of the NPs for a fixed length, 220 nm in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, results in a slight red-shift of the longitudinal mode and a pronounced blue-shift of the transverse mode; that is, they become farther apart in energy as the NP becomes increasingly anisotropic, as expected. Given the direction of oscillation of the conduction electrons, and analogously to hexagonal nanoplates,^[@ref35]^ the thickness of a folded hexagonal NP should have very little influence on the LSPR energy. DDA calculations for tent NPs ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)) confirm this and show that the resonances do not move appreciably: a mere 6 nm shift is observed when the thickness varies from 34 to 54 nm.

The presence of an oxide red-shifts the plasmon resonances by providing a high local refractive index environment. Because studying an oxide-free particle experimentally remains a challenge, we have devised a computational approach to include a thin, conformal oxide layer on any Wulff-generated shape, an extension of our previously published code.^[@ref19],[@ref20]^ This enables us to properly match experimental conditions ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} onward) as well as access the magnitude of shifts expected due to this oxide. [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf) shows an example for a tent NP with and without a 4.5 nm thick oxide layer. The longitudinal mode red-shifts by 42 nm with the oxide, as expected from the higher dielectric environment, but the shape of the optical response remains unchanged.

The orientation of the twin plane present in the NP determines its fold angle and shape and has some effect on the far-field scattering properties, as shown for various MgO-coated shapes in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The tent, chair, and taco all have the same volume (1.0 × 10^6^ nm^3^) and length (235 nm); their low-energy LSPR is comparable. On the other hand, it is not possible to make a kite of both the same volume and length (it has a strictly fixed aspect ratio); a kite with the same volume has a longer side length (326 nm) than the other structures and a red-shifted LSPR ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). A kite with the same length has a smaller volume (4.1 × 10^5^ nm^3^) and a blue-shifted LSPR compared to the longer kite ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)). Lastly, a hexagon of the same volume is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e; it has a length of 196 nm, tip-to-tip, and a blue-shifted LSPR with respect to the longer NPs; when set to the same length, its lowest energy resonance is comparable to that of the folded structures ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)). The projected width of the hexagon, tent, chair, and taco decreases in this order if their lengths are constant; however this seems to have little effect on the position of the transverse excitation peak, which remains relatively constant, here just above 400 nm. This is in agreement with previous results on bent rods for instance, where the plasmon resonances were unaffected by the bending angle.^[@ref60],[@ref61]^

Lastly, the presence of a substrate and the NP's orientation with respect to the substrate also potentially have an effect on its plasmonic response. Similarly to the MgO-coated hexagons previously reported,^[@ref35]^ and unlike pristine Ag cubes,^[@ref10],[@ref16]^ numerical results using optical excitation do not indicate mode splitting or significant position changes for the low-energy modes present in the optical spectrum ([Figures S12 and S14](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)).

Experimental Results: Far-Field Optical Scattering {#sec2.6}
--------------------------------------------------

Single-particle scattering spectra were obtained in a dark-field optical microscope and correlated with SEM images of the same NPs. These provide experimental evidence of the plasmonic response of various NP shapes as well as a handle on size effects. Representative spectra for a kite, taco, tent, and chair ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) reveal the significant variability of the LSPR positions with respect to shape and size and its broadband nature. For all, the lowest energy mode can be attributed to the longitudinal dipole, but there is significant variability in its position, which for large NPs may exceed the operational window of our detector (low efficiency above 900 nm).

Given the abundance of tent shapes, a statistically significant number of correlated measurements (*N* = 25) were assembled and yield a clear trend linking the longitudinal LSPR energy and the NP length ([Figures [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [S15](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)). As the length of the NP increases, the energy of the resonance decreases (wavelength increases). However, there remains some noise in the data, which can in part be attributed to the influence of the AR on the longitudinal dipolar resonance ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [S10](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)). Numerical results for the effect of length on two extreme cases of AR, 1.3 and 2.2, embedded in an effective refractive index chosen to mimic the substrate effect ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)) match reasonably well the trend observed experimentally ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). This trend, surprisingly, appears curved; this is an artifact due to keeping a constant MgO thickness while changing the size of the NP, effectively slightly changing the Mg core shape. Remaining discrepancies can be attributed to experimental variations in the Mg and MgO thicknesses.^[@ref20],[@ref35]^

Numerical Results: EELS and Near-Field Mode Classification {#sec2.7}
----------------------------------------------------------

To elucidate the nature of the plasmonic modes in folded Mg NPs, detailed electronic DDA (eDDA) calculations^[@ref35],[@ref62]^ were performed on short (AR 1.7) and long (AR 2.2) MgO-coated tents from our Wulff code, sitting on a Si~3~N~4~ substrate in the Λ configuration. As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, the calculations reveal a strong, energy-dependent subwavelength light localization stemming from their highly plasmonic nature. More precisely, the EEL spectra of both tents show many peaks that vary significantly with the position of the incoming electron beam ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,c), indicating a strong local excitation structure. Mapping the excitation probability at a specific energy informs of the spatial distribution of excitation; we couple this, in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b and d, to maps of the magnitude and sign of the resonant electric field along the surface normal (*E*~⊥~) to fully characterize the nature of the resonances.

In both NPs, the lowest energy peak (labeled 1 in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}) corresponds to a longitudinal dipole, *i*.*e*., an oscillation along the long axis of the NP, which gives rise to a strong localized field at the tips of the NP. The energy of this mode lines up well with the peak maximum obtained for optical excitation with a polarization parallel to the long axis of the NP. Mode 2 is a weakly excited transverse dipole, even weaker in the long NP than the short one. Its oscillation gives rise to a node along the twin plane and an enhanced excitation probability on the long sides and the tips of the long sides. For the long NP, this mode is so weak under EELS excitation that it is buried in the spectral and spatial localization tail of the next, much stronger mode, though it is clear under optical excitation with polarization perpendicular to the long axis. The longitudinal dipole red-shifts from the short to the long NP as length (*L*) is increased from 258 nm to 285 nm (matching the experimental sizes); the transverse mode blue-shifts in the long NP as expected from the increased splitting of modes discussed in relation to [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} as well as the actually shorter width, *W* = 152 and 131 nm for short and long NP, respectively. Beyond this, the order and overlap of modes varies between the short and long NP, such that they will be discussed separately.

In the short NP, mode 3 is predominantly excited with the beam at the transverse tips. The *E*~⊥~ map indicates this is a quadrupole mode, with one node across the longitudinal (*l*) axis and one node along the transverse (*t*) axis, or (*l*, *t*) = (1, 1). Mode 4 is a higher order longitudinal mode with 2 nodes, *i*.*e*., (2, 0), and high intensity at the tips and center of the transverse sides. Mode 5 has strong loss probability at the edge and tips of the transverse sides as well as the NP tips. It appears to be a (2, 1) mode from the *E*~⊥~ map generated with the beam on the transverse side; however, exciting with the beam at the tips reveals a (3, 0) mode; both have very similar energy. A clear (3, 1) mode appears next (mode 6) in the EELS images; we have shown this mode in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b based on optical excitation as the distortions related to beam position in the *E*~⊥~ maps become significant in higher order, high-energy modes. At this and higher energy, modes increasingly overlap due to the smaller energy difference and large number of (*l*, *t*) modes possible; at high energy, nodes also appear along the third NP axis, *i*.*e*., thickness modes, creating a plethora of (*l*, *t*, *h*) resonances with significant spatial and spectral overlap. However, even within this complexity, one dominant mode (mode 7) is clearly visible: the (0, 2) higher order transverse mode, strongly excited when the beam passes through the center or sides of the NP.

The modes in the long NP follow a trend similar to that of the short NP, except for the order of the modes. The mode 3 in this AR 2.2 NP is also the quadrupole (1, 1), which here overlaps with the (2, 0) as (2, 0) has been lowered in energy with respect to the short NP. This yields an EELS image with intensity at all of the tips. The (3, 0) longitudinal mode appears next (mode 5); for this we show the high symmetry obtained for numerical simulations using plane wave excitation and the distorted, but still convincing, *E*~⊥~ map obtained from local excitation with an electron beam positioned at the tip of the NP. Beyond mode 5 there are, again, many high-energy overlapping modes, including thickness modes. Within this complexity, we present EELS images at three characteristic energies associated with weak peaks in both the numerics and experiments. Mode 6 shows edge intensity, with bright spots along the long edges and little at the tips. When excited, optically or *via* an electron beam, the two segments behave almost independently, supporting a range of near-degenerate modes, as captured in a characteristic *E*-field picture showing (3, 1) excitation in one segment and (5, 1) in the other. Mode 7 shows more high-order spots along the edges, but also a transverse component with mild intensity at the center of the NP. Mode 8 shows center and long-edge intensity and is associated with a strong transverse (0, 2) mode, with intensity in the third dimension on the long-edge side faces. The relative energies of the modes between the long and short tent NP are fully explained by the geometry, with increasing length lowering the energy of longitudinal modes and increasing width lowering the energy of transverse modes. This general trend accords with the pattern of standing wave frequencies (ν) for the modes in an *L* × *W* rectangle with nodes (*l*, *t*), where *c* is the speed of light:This is evident in the dipoles, where the longitudinal resonance is lower in energy in the long NP, while the transverse is lower in energy in the short NP. The energy of the (2, 0) with respect to the (1, 1), and that of the (3, 0) with respect to the (2, 1) in the long and short tents are also examples of this effect.

Experimental Results: EELS {#sec2.8}
--------------------------

Experimental mapping of the plasmon excitation probability with an electron beam in the ultraviolet--visible--near-infrared range was performed using a Nion UltraSTEM100MC "Hermes" monochromated STEM. Experimental spectra at different beam positions, here accumulated over a 3 × 3 pixels (7.3 × 7.3 nm) area, are shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} alongside calculated spectra for a 258 × 152 nm Mg tent NP coated with a 4.5 nm oxide layer, in the Λ configuration; full point spectra also showing the Mg bulk plasmon can be found in [Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf). The spectral shapes and peak positions correspond overall very well, except for an occasional small red-shift from experiment to theory that could be attributed to a number of structural or compositional factors, including the oxide layer thickness, the thickness of the NP, and the etched irregularities in the experimental shape. Analogous, excellent matches between experimental and numerical point spectra are reported in [Figures S18 and 19](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf) for a long tent.

The excitation maps obtained for a short (AR = 1.7) and a long (AR = 2.2) tent NP ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}), as well as various other AR ([Figure S20](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)) show a succession of energy-dependent spatial excitation patterns. To fully harness the power of our numerical calculations, the experimental data are displayed as an energy slice through the STEM-EELS data set, integrated over a narrow energy range of 0.05 eV. Gaussian fitting of modes and decomposition methods such as non-negative matrix factorization provide comparable results (shown in [Figure S21](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf) for a short tent NP; others available upon request), only with added complexity and a representational mismatch with numerics. The numerical loss probability maps shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} are the same as in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}; the experimental map energies were guided by the position of peaks in the experimental spectra. The match between the calculated and experimental spatial distribution of excitation is excellent for both NPs, for both low and higher energy modes. Some variations are observed owing to the etched top left corner of the short NP, particularly visible in the mode at 3.40 and 4.15 eV. In the long tent NP, the intensity along the long edges is systematically lower in the experiments, again likely due to etching features, this time visible on both sides of the NP; it is in fact a slightly narrower, higher AR NP (or rather the Mg metal is narrower) than measured in an HAADF image.

While DDA and optical scattering results did not show much effect of the substrate configuration for low-energy modes ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf)), eDDA and EELS provide additional tools to investigate near-field distributions that can reveal substrate effects. [Figure S22](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf) shows eDDA results including spectra at various points along a short and a long tent NP in the ≥ configuration and excitation maps analogous to those of [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. The most striking difference from the Λ configuration is that the spatial EELS maps are asymmetric: this is simply the geometric foreshortening of the segment rising from the substrate. Taking this into account, the low-energy modes, up to (*l*, *t*) = (2, 0), appear identical to those in the Λ configuration, although the NP's more intimate contact with the substrate does lead to some additional red-shift and slight reorganization of the mode order. In particular, in the long NP, the transverse dipole becomes almost degenerate with the quadrupole, while in the short NP, the (2, 0) mode becomes degenerate with the quadrupole. At higher energies, splitting of the behavior of the two segments is noticeable, fitting with our previous observation that the segments can decouple at high energy in the Λ configuration ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d, mode 6). This is particularly striking with the (2, 1) excitation in the short NP, which produces a strong intensity in the middle of the long edge, but at different energies for the two segments. At very high energies the exposed side facet of the proud segment becomes very bright, in accordance with our previous observations of fully three-dimensional excitations ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d, mode 8).

The elongated rods present in the sample also display plasmonic behavior. [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} shows EELS maps of the excitation of three rods of various sizes ordered with increasing AR, where *a*, *b*, and *c* have AR of 3.4, 4.5, and 8.0, respectively. In the lowest AR rod in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a (*L* = 260 nm, *W* = 74 nm, AR = 3.4), the longitudinal (1, 0, dipole), (2, 0), and (3, 0) modes are clearly visible. The intermediate AR rod in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}b (*L* = 454 nm, *W* = 87 nm, AR = 4.5) has resonances clearly attributable to longitudinal modes all significantly red-shifted with respect to the AR 3.4 rod owing to the AR and length increase. Lastly, the rod with the largest AR (*L* = 362 nm, *W* = 40 nm, AR = 8.0) has clear LSPRs that are red-shifted with respect to the other NPs. The transverse dipole was not observed for any of these rods, consistent with its diminishing amplitude and increasing energy for higher AR structures. This behavior is as expected for rod-shaped, plasmonic NPs and as previously reported for various other metals.^[@ref13]−[@ref15],[@ref59],[@ref60],[@ref62],[@ref63]^ Worth noting, the classification of rods, folded shapes, and plates ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) can actually be mapped to the behavior of the transverse dipole: it is degenerate with the longitudinal dipole in plates, present but of higher energy than the longitudinal dipole in folded structures, and vanishing in intensity and of high energy in high aspect ratio rods.

![STEM-HAADF (left), bulk plasmon maps (in green), and low-loss STEM-EELS images at the energies indicated in the figure for Mg nanorods of AR, length, and width of (a) 3.4, 260 nm, 74 nm, (b) 4.5, 454 nm, 87 nm, and (c) 8.0, 362 nm, 40 nm. The EELS intensity scale is the same for each mode of a given NP to allow direct comparison. Scale bars, 100 nm.](nn0c01427_0004){#fig12}

Conclusions {#sec3}
===========

Twinned shapes of Mg, an earth-abundant plasmonic metal, were described numerically using the Wulff construction and matched to experimental results both in shape and expected abundance. These shapes, named tents, chairs, tacos, and kites, are structurally related, forming folded hexagons where the fold angle depends on the orientation of the crystallographic twin present. Rods, formed from elongated, filled structures, and single crystal plates are also present in the reaction mixture.

The plasmon resonances of the twinned shapes were investigated numerically in the far-field using DDA, showing the effect of oxide layer, size, aspect ratio, and overall shape. These results were confirmed by experimental results from single-particle far-field scattering correlated with electron microscopy. These show interpretable behavior of the longitudinal and transverse dipole.

Higher order modes and near-field distribution were numerically and experimentally determined using monochromatic electron beam excitation. Several resonant modes, from dipoles to hybrid longitudinal and transverse resonances, were fully described, and an excellent correspondence between the numerics and experiments was achieved for both short and long tent NPs, with data on intermediate length supporting these assignments. The dependence on aspect ratio and substrate orientation was explored, as was the plasmonic response of long rods which behave as expected, *i*.*e*., displaying several high-order longitudinal resonances.

These twinned shapes of earth-abundant plasmonic Mg provide opportunities for cheap, efficient, and biocompatible nanostructures for light--matter interactions. Shape and size tuning of Mg NPs provides a powerful way to manipulate the local electric fields and resonance energies across the near-infrared to ultraviolet; this enables operation across a wide spectrum for potential uses in medical applications, broadband (sun)light absorption, and enhanced spectroscopies.

Methods/Experimental {#sec4}
====================

Chemical and Reagents {#sec4.1}
---------------------

Anhydrous tetrahydrofuran (THF), anhydrous isopropanol (IPA), ethanol, naphthalene, lithium pellets, 1.0 M di-*n*-butylmagnesium in heptane, tetraethyl orthosilicate (TEOS), and triethylamine were purchased from Sigma-Aldrich and used as supplied. Before use, all glassware was washed with aqua regia (1:3 HNO~3~/HCl) and flame-dried under vacuum. (***Caution**: Aqua regia solutions are dangerous and should be used with extreme care; these solutions should never be stored in closed containers.*)

Synthesis of Mg Nanoparticles {#sec4.2}
-----------------------------

Magnesium nanoparticles (Mg NPs) were produced by the reduction of di-*n*-butylmagnesium by lithium naphthalenide, as previously reported.^[@ref35],[@ref39]^ A 2.12 g amount of naphthalene, 0.112 g of lithium, and 20 mL of anhydrous THF were added to a Schlenk flask under an argon atmosphere and sonicated for 1 h, forming a deep green solution of lithium naphthalenide. A 23 mL amount of anhydrous THF and 7 mL of di-*n*-butylmagnesium in heptane (1.0 M) were then added under an argon atmosphere and left to stir for 16 h with a magnetic stirbar.

The reaction was quenched by addition of 20 mL of anhydrous IPA, and the product recovered by centrifugation and redispersion in anhydrous THF twice and anhydrous IPA twice to remove residual lithium, naphthalene, and organic byproducts. Organic byproducts on the particles were further cleaned by adding 0.6 mL of TEOS in ethanol solution (9 mM) and 0.2 mL of triethylamine to a suspension of Mg NPs (1 mL) diluted with 5 mL of ethanol, and left to react for 16--20 h. The NPs were recovered by centrifugation and redispersed in 2 mL of anhydrous ethanol. Silica shells were not observed in imaging or elemental mapping.

Characterization {#sec4.3}
----------------

Samples were drop cast on Si wafers for SEM imaging performed on a Quanta-650F field emission gun scanning electron microscope operated at 5 kV and equipped with an ETD detector for SE imaging. TEM and STEM analyses were performed on NPs drop cast on a Cu-supported lacey ultrathin carbon membrane. TEM, STEM, STEM-EELS for composition mapping, and STEM-EDS were acquired at 200 kV on a FEI Osiris STEM equipped with a Bruker Super-X quadruple EDS detector and a Gatan Enfinium ER 977 electron spectrometer. STEM-EDS maps were obtained by integrating the Kα lines of Mg (1.25 eV) and O (0.53 eV). Tilt series for tomography were acquired with a 1° step from −70° to −60°, and 60° to 70°, and a 2° step from −60° to 60°, and were aligned using phase correlation, then reconstructed using the Simultaneous Iterative Reconstruction Technique (SIRT) implemented by TomoPy.^[@ref64]^ A 3D voxel intensity threshold was applied to determine the region of interest, and subsequently an isosurface was fitted to obtain the final extracted NP shape.

Low-loss EEL spectra were obtained, for NPs deposited on 10 nm thick Si~3~N~4~ membrane windows baked in vacuum at 75 °C, on a Nion UltraSTEM 100MC "Hermes" microscope, a dedicated STEM equipped with a cold field electron emitter, and Nion's ultrahigh resolution ground-potential monochromator that routinely delivers energy resolutions better than 15 meV (as determined from the full width at half-maximum of the zero loss peak, ZLP fwhm). The microscope was operated at 60 kV, and the probe forming optics were configured to provide an electron probe of 31 mrad convergence semiangle and a probe current of 50 pA before closing the monochromator slit, corresponding to a probe size of approximately 1 Å.

Low-loss EEL spectra were recorded on a Gatan Enfinium ERS spectrometer, with custom lens power supplies optimized for high-energy resolution. A 44 mrad semiangle EELS entrance aperture was used for all data. The system's monochromator slit was closed as required by the desired energy resolution, resulting here in a 30 meV ZLP fwhm and 5--7 pA current. The Nion's HAADF imaging detector was set at an angular range of 90--195 mrad.

Single-particle optical dark-field measurements were carried out on Mg NPs drop cast on a glass coverslip in air. The scattering spectra were obtained on an optical microscope described elsewhere.^[@ref65]^ In brief, it is equipped with a halogen lamp, dark-field condenser (numerical aperture, NA, 0.85--0.95), 100× oil immersion objective (Variable NA set to \<0.8), Princeton Instruments Isoplane spectrometer (50 grooves/mm grating), and ProEM 1024 × 1024 pixels electron multiplied charge coupled device (EMCCD). The exposure time was set to 1 s with 4 frames accumulated per position.

Numerical Methods {#sec4.4}
-----------------

Optical scattering spectra were obtained numerically in the discrete dipole approximation using DDSCAT.^[@ref57],[@ref66]^ The frequency-dependent refractive index of metallic Mg was taken from Palik,^[@ref67]^ and the ambient, MgO, and glass refractive indexes were set to 1.0, 1.7, and 1.5, respectively. All calculations were carried out with dipole distances from 1.0 to 2.2 nm, as the number of dipoles varies from ∼200 000 to 600 000. Details can be found in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf).

EELS calculations were performed using eDDA,^[@ref62]^ a version of DDSCAT^[@ref57],[@ref68]^ modified to replace the plane wave stimulation with a stimulation with a swift electron beam. In all cases, NPs consisted of a Mg core with a 4.5 nm MgO shell, generated *via* our Wulff code. In order to include the effect of the experimental TEM support film, the NPs sat (in Λ and ≥ configuration) on a 10 nm thick Si~3~N~4~ substrate (refractive index 2.05) that extended at least 40 nm beyond the edges of the NP. The calculations used a 2 nm dipole lattice, requiring around 300 000 dipoles for each shape. The DDA calculations shown within the EELS figures also use the Si~3~N~4~ substrate, to aid comparison with their eDDA counterparts.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsnano.0c01427](https://pubs.acs.org/doi/10.1021/acsnano.0c01427?goto=supporting-info).High- and low-magnification SEM and TEM images, additional numerical results, raw data and characterization of STEM-EDS and STEM-EELS line profiles and maps, non-negative matrix factorization analyses comparison with Gaussian fitting of STEM-EELS data; shapes, dimensions, DDA parameters, and Wulff parameters for all theoretical NPs presented here ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01427/suppl_file/nn0c01427_si_001.pdf))
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